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number of test patterns to be input to a logic circuit. The fault
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1
FAULT DETECTION SYSTEM, ACQUISITION
APPARATUS, FAULT DETECTION METHOD,
PROGRAM, AND NON-TRANSITORY
COMPUTER-READABLE MEDIUM

TECHNICAL FIELD

The present invention relates to a fault detection system, an
acquisition apparatus, a fault detection method, a program,
and a recording medium, and particularly to a fault detection
system and the like configured to detect a fault of a logic
circuit based on multiple output logic values output from the
logic circuit after a test input pattern is input to the logic
circuit.

BACKGROUND ART

Inrecentyears, as the scale of a semiconductor logic circuit
has become large, the number of test input patterns required to
test such a semiconductor integrated circuit has become great.
However, such a semiconductor logic circuit has a limited
storage capacity for storing test input patterns to be used in a
system test which is to be executed after such a semiconduc-
tor integrated circuit is built into a system, or a field test or the
like which is to be executed after shipping. In order to solve
such a problem, it is important to provide high fault coverage
with a small amount of data to be stored.

Here, description will be made regarding a semiconductor
integrated circuit to be tested. In many cases, typical semi-
conductor logic circuits are each configured as a sequential
circuit. Such a sequential circuit includes a combinational
circuit portion comprising logic elements such as AND gates,
NAND gates, OR gates, NOR gates, and the like, and flip-
flops (FF) configured to store the internal state of the circuit.
In this case, such a combinational circuit portion includes
primary input lines (PI), pseudo primary input lines (PPI)
each configured as an output line of a corresponding flip-flop,
primary output lines (PO), and pseudo primary output lines
(PPO) each configured as an input line of a corresponding
flip-flop. In an input operation in which a signal is input to the
combinational circuit portion, a part of the input operation is
performed directly via a primary input line, and the other part
of the input operation is performed indirectly via a pseudo
primary input line. Furthermore, in an output operation in
which a signal is output from the combinational circuit por-
tion, a part of the output operation is performed directly via a
primary output line, and the other part of the output operation
is performed indirectly via a pseudo primary output line.

In order to test such a combinational circuit portion
included in the sequential circuit, there is a need to input a
predetermined test input pattern via such primary input lines
and pseudo primary input lines of the combinational circuit
portion, and to acquire a test response signal from the com-
binational circuit portion via the primary output lines and the
pseudo primary output lines.

However, with such a sequential circuit, typically, it is not
possible for an external circuit to directly access the output
lines of the flip-flops (pseudo primary input lines) and the
input lines (pseudo primary output lines) of the flip-flops.
Thus, a test for such a combinational circuit requires control-
lability of the pseudo primary input lines, and requires
observability of the pseudo primary output lines, which is a
problem.

As a major method for solving such a problem of control-
lability and observability in the combinational circuit portion
test, a full scan method based on a full scan design is known.
With such a full scan design, the flip-flops are each configured
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as a scan flip-flop, and a single or multiple scan chains are
formed using the scan flip-flops. The operation of each scan
flip-flop is controlled via a corresponding scan enable (SE)
signal line. For example, when SE=0, the flip-flop performs
the same operation as that of a conventional flip-flop. In this
state, upon receiving a clock pulse, the output value of the
scan flip-flop is set to the value output from the combinational
circuit portion, thereby updating the output value of the scan
flip-flop. On the other hand, when SE=1, the scan flip-flop
forms a single shift register together with the other scan
flip-flops included in the same scan chain. In this state, upon
receiving a clock pulse, an updated value received from the
outside is scanned in to the scan flip-flop. At the same time, a
value held by the scan flip-flop is scanned out to outside the
flip-flop. Typically, the scan flip-flops included in the same
scan chain are configured to share a common scan enable
signal line. It should be noted that, in some cases, different
scan chains share a single scan enable line. Otherwise, such
different scan chains have different respective scan enable
signal lines.

Referring to FIG. 14, further description will be made
regarding a conventional scan test. FIG. 14 is a diagram
showing a test cycle of a scan test.

A test for a combinational circuit portion of a full scan
sequential circuit is performed by repeatedly executing a scan
shift operation and a scan capture operation. The scan shift
operation is performed in a shift mode in which SE=1. In the
shift mode, one or multiple clock pulses are supplied, and one
or multiple updated values are scanned in from the outside to
the scan flip-flops included within the scan chain. Further-
more, at the same time, one or multiple values held by the scan
flip-flops included within the scan chain are scanned out to the
outside. The scan capture operation is performed in the cap-
ture mode in which SE=0. In the capture mode, a single clock
pulse is supplied at the same time to all the scan flip-flops
included within the scan chain, and the values output via the
pseudo primary output lines of the combinational circuit por-
tion are acquired and held by all the scan flip-flops.

The scan shift operation is used to input a test input pattern
to the combinational circuit portion via the pseudo primary
input lines, and to acquire a test response signal from the
combinational circuit portion via the pseudo primary output
lines. On the other hand, the scan capture operation is used for
the scan flip-flops to acquire and hold a test response from the
combinational circuit portion. Such a scan shift operation and
such a scan capture operation are repeatedly performed for all
the test input patterns, thereby allowing the combinational
circuit portion to be tested.

Next, referring to FIG. 15, description will be made regard-
ing fault detection using a conventional scan test. FIG. 15 is a
block diagram showing a fault detection system 101 using a
background technique of the present invention.

The fault detection system 101 includes an acquisition
apparatus 107, a judgment apparatus 111, and a pattern con-
trol apparatus 113. The acquisition apparatus 107 includes an
acquisition unit 117 and a storage unit 121. The judgment
apparatus 111 includes a comparison unit 129 and a fault
judgment unit 131. The pattern control apparatus 113
includes a test input pattern holding unit 133, an expanding
circuit 135, and a compressing circuit 137.

With the scan test method, a part of the test input pattern
input operation is performed directly via a primary input port,
and the other part of the test input pattern input operation is
performed indirectly via the scan shift operation. Such a scan
shift operation allows a desired logic value to be set for a
desired scan flip-flop, thereby solving a problem of control-
lability of the pseudo primary input lines. Moreover, a part of
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the test response acquisition from the combinational circuit
portion 3 is performed directly via a primary output port, and
the other part of the test response acquisition is performed
indirectly via the scan shift operation. The scan shift opera-
tion allows the acquisition unit 117 to acquire the output value
of a desired scan flip-flop, thereby solving a problem of
observability of the pseudo primary output lines. It should be
noted that, typically, the number of scan flip-flops is the same
as the number of pseudo primary output lines. The compari-
son unit 129 compares the acquired values with the values
predicted for when the combinational circuit portion 3 oper-
ates normally. The fault judgment unit 131 judges based on
the judgment result whether or not there is a fault in the
combinational circuit portion 3.

Typically, in a case of performing a system test or a field
test for such a semiconductor integrated circuit, built-in self-
test (BIST) is performed. In particular, the GIST has a prob-
lem of a limited storage capacity for storing a test input
pattern. Thus, various techniques have been developed for
reducing the amount of test data.

Examples of such a method include a method in which a
test input pattern is compressed, and the compressed test
input pattern is used as a seed pattern (seed). The seed is
expanded before a scan-in operation. Furthermore, a seed is
obtained by compression and scan-out operation. Thus, such
an arrangement allows the amount of test data to be reduced.
However, as the scale of semiconductor integrated circuits
has become large, there has been an increased demand for a
technique for further reducing the amount of test data.

Now, referring to FIGS. 16 and 17, description will be
made regarding a multiple capture method described in Non-
patent document 1. The multiple capture method is employed
to maintain the fault coverage even if the partial scan design
is employed. FIG. 16 is a diagram showing a test cycle using
the multiple capture method. FIG. 17 is a flowchart showing
a procedure in a case of employing a conventional multiple
capture method.

With such a partial scan design, the number of flip-flops
designed as the scan flip-flops is reduced, thereby reducing
the circuit size. However, such an arrangement has a problem
in that the input logic value cannot be set for flip-flops that
were not designed as scan flip-flops. With such an arrange-
ment, the acquired logic values provide insufficient informa-
tion with respect to a fault, leading to a problem of reduced
fault coverage.

In order to solve the aforementioned problem, with the
multiple capture method, as shown in FIG. 16, the capture
operation is repeatedly performed multiple times for each test
input pattern in a capture mode. That is to say, the logic value
acquired by each flip-flop 5 shown in FIG. 5 is input to the
combinational circuit portion 3 as an updated input test pat-
tern. With such an arrangement, the values captured by the
respective flip-flops 5 are sequentially set in an incremental
manner. Finally, the logic values are set for all the flip-flops 5.
Thus, such an arrangement allows a set test output pattern to
be obtained according to the set test input pattern. As a result,
such an arrangement allows the fault coverage to be main-
tained even for a partial scan design semiconductor integrated
circuit.

Specific description will be made with reference to FIG. 17
regarding a procedure for detecting a fault using the fault
detection system 101. The input of a seed is started (Step
ST501), and the seed is expanded by the expanding circuit
135 (Step ST502). The shift mode is started (Step ST503),
and the test input pattern is scanned in to the flip-flops 5 (Step
ST504). Subsequently, the capture mode is started (Step
ST505), and the capture operation is repeatedly performed a
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predetermined number of times (ST506). In this step, the
values of the test input pattern are sequentially set in an
incremental manner every time the capture operation is
repeatedly performed. The shift mode is again started (Step
ST507), and the logic values held by the flip-flops 5 are
scanned out (Step ST508). Next, when there is any remaining
seed that has not been input, the flow returns to Step ST501.
Otherwise, the flow proceeds to the next step (Step ST509).
The acquisition unit 117 acquires the compressed data (sig-
nature) that is scanned out (Step ST510). The comparison unit
129 compares the signature thus obtained with a signature
predicted for when the combinational circuit portion 3 oper-
ates normally (Step ST511). The fault judgment unit 131
judges based on the comparison result whether or not the
combinational circuit portion 3 has a fault (Step ST512).

CITATION LIST
Non-Patent Documents

Non-Patent Document 1

C. Lin, Y. Zorian and S. Bhawmik, “PSBIST: A partial-scan
based built-in self-test scheme”, Proc. IEEE International
Test Conf., 1993, pp 507-516.

SUMMARY OF INVENTION
Technical Problem

With such a technique described in Non-patent document
1, as shown in Expression (1), the amount of test data to be
stored in the test pattern holding unit 133 is proportional to the
number of test input patterns. Furthermore, as shown in
Expression (2), the number of test output patterns is the same
as the number of test input patterns. Moreover, there is a
positive correlation between the fault coverage and the num-
ber of test output patterns. Accordingly, if the number of test
input patterns is reduced, this leads to a problem of reduced
fault coverage. Thus, with conventional techniques, in order
to maintain the fault coverage, the number of test input pat-
terns cannot be reduced. This leads to a problem in that, with
conventional techniques, the amount of test data cannot be
reduced.

[Expression 1]

Amount of test dataccthe number of test input patterns

M

The number of test output patterns=the number of test
input patterns

@

Accordingly, it is a purpose of the present invention to
provide a fault detection system and the like having improved
fault coverage with a reduced amount of test data for test input
patterns to be stored.

Solution to Problem

A first aspect in accordance with the present invention
provides a fault detection system configured to detect a fault
in a logic circuit based on a plurality of output logic values
output from the logic circuit after a test input pattern is input,
wherein the plurality of output logic values are input to the
logic circuit as an updated test input pattern, the fault detec-
tion system comprising a first acquisition unit configured to
acquire a part of or otherwise all of the plurality of output
logic values, a comparison unit configured to compare an
output logic value acquired by the first acquisition unit with
an output logic value expected when no fault is present in the



US 9,075,110 B2

5

logic circuit or otherwise an output logic value expected when
a fault is present in the logic circuit, and a fault judgment unit
configured to judge whether or not there is a specific fault in
the logic circuit, based on a comparison result obtained by the
comparison unit.

A second aspect in accordance with the present invention
provides the fault detection system of the first aspect, wherein
the plurality of output logic values are held by a holding unit
comprising a plurality of individual holding units each con-
figured to hold a single logic value, and wherein the first
acquisition unit is configured to acquire a part of or otherwise
all of the plurality of output logic values held by the holding
unit, and wherein a part of or otherwise all of the output logic
values respectively held by the plurality of individual holding
units are acquired directly such that each output logic value is
acquired from the corresponding individual holding unit
without passing through the other individual holding units.

A third aspect in accordance with the present invention
provides the fault detection system of the second aspect,
wherein the first acquisition unit is configured to acquire a
part of or otherwise all of the plurality of output logic values
held by the holding unit in a period of time from a time point
at which the holding unit holds the plurality of output logic
values up to a time point at which the holding unit holds a
plurality of updated output logic values output from the logic
circuit after the updated test input pattern is input to the logic
circuit.

A fourth aspect in accordance with the present invention
provides the fault detection system of the third aspect, further
comprising a control unit configured to control a period of
time from a time point at which the holding unit holds the
output logic values up to atime point at which the holding unit
holds a plurality of updated output logic values output from
the logic circuit after the updated test input pattern is input to
the logic circuit.

A fifth aspect in accordance with the present invention
provides the fault detection system of any one of the second
through the fourth aspects, further comprising a calculation
unit configured to calculate a fault detection contribution
value for each output logic value held by the individual hold-
ing units, and a priority judgment unit configured to judge a
priority for each individual holding unit based on the contri-
bution value, wherein the first acquisition unit is configured to
selectively acquire a predetermined number of output logic
values selected based on their priority from among the output
logic values held by the plurality of individual holding units.

A sixth aspect in accordance with the present invention
provides the fault detection system of any one of the second
through the fifth aspects, further comprising a second acqui-
sition unit configured to acquire a part of or otherwise all of
the plurality of output logic values respectively held by the
plurality of individual holding units via a different individual
holding unit, wherein the comparison unit is configured to
compare the output logic value acquired by the second acqui-
sition unit with an output logic value expected when no fault
is present in the logic circuit or otherwise an output logic
value expected when a specific fault is present in the logic
circuit, and wherein the number of times the first acquisition
unit acquires the output logic value is greater than the number
of times the second acquisition unit acquires the output logic
value.

A seventh aspect in accordance with the present invention
provides the fault detection system of any one of the first
through sixth aspects, further comprising a first compressing
unit configured to compress data size of the output logic
value, and a first storage unit configured to store the output
logic value, wherein, in synchronization with an acquisition
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operation of the first acquisition unit, the first compressing
unit is configured to compress the output logic value acquired
by the first acquisition unit, and the first storage unit is con-
figured to store the output logic value compressed by the first
compressing unit.

An eighth aspect in accordance with the present invention
provides an acquisition apparatus configured to acquire a part
of or otherwise all of a plurality of output logic values output
from a logic circuit after a test input pattern is input to the
logic circuit, wherein the plurality of output logic values are
held by a holding unit configured to hold logic values, and are
input to the logic circuit as an updated test input pattern, and
wherein the holding unit comprises a plurality of individual
holding units each configured to hold a single logic value, and
wherein a part of or otherwise all of the output logic values
respectively held by the plurality of individual holding units
are acquired directly such that each output logic value is
acquired from the corresponding individual holding unit
without passing through the other individual holding units.

A ninth aspect in accordance with the present invention
provides an acquisition apparatus configured to acquire a part
of or otherwise all of a plurality of output logic values output
from a logic circuit after a test input pattern is input to the
logic circuit, wherein the plurality of output logic values are
held by a holding unit configured to hold logic values, and are
input to the logic circuit as an updated test input pattern, and
wherein the acquisition apparatus comprises a control unit
configured to control a period of time from a time point at
which the holding unit holds the output logic values up to a
time point at which the holding unit holds a plurality of
updated output logic values output from the logic circuit after
the updated test input pattern is input to the logic circuit, and
wherein the acquisition apparatus is configured to acquire a
part of or otherwise all of the plurality of output logic values
held by the holding unit.

A tenth aspect in accordance with the present invention
provides a fault detection method for detecting a fault in a
logic circuit based on a plurality of output logic values output
from the logic circuit after a test input pattern is input to the
logic circuit, the fault detection method comprising first
inputting, in which an initial test input pattern is input to the
logic circuit, holding, in which a holding unit comprising a
plurality of individual holding units each configured to hold a
single logic value holds the plurality of output logic values,
second inputting, in which the plurality of output logic values
held by the holding unit are input to the logic circuit as an
updated test input pattern, first acquiring, in which a part of or
otherwise all of the plurality of output logic values respec-
tively held by the plurality of individual holding units are
acquired directly such that each output logic value is acquired
from the corresponding individual holding unit without pass-
ing through the other individual holding units, in a period of
time from a time point at which the holding unit holds the
plurality of output logic values up to a time point at which the
holding unit holds a plurality of updated output logic values
output from the logic circuit after the updated test input pat-
tern is input to the logic circuit, second acquiring, in which a
part of or otherwise all of the plurality of output logic values
respectively held by the plurality of individual holding units
are acquired via a different individual holding unit, compar-
ing, in which the output logic values acquired in the first
acquiring and the second acquiring are compared with output
logic values expected when no fault is present in the logic
circuit or otherwise an output logic value expected when a
specific fault is present in the logic circuit, and judging
whether or not there is a fault in the logic circuit based on a
comparison result obtained in the comparing.
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An eleventh aspect in accordance with the present inven-
tion provides the fault detection method of the tenth aspect,
further comprising first compressing, in which the output
logic value acquired in the first acquiring is compressed in
synchronization with the first acquiring, and first storing, in
which the output logic value compressed in the first com-
pressing is stored, wherein the first compressing and the first
storing are provided between the first acquiring and the sec-
ond acquiring, and wherein a sequence from the holding up to
the first storing is repeatedly performed a predetermined
number of times.

A twelfth aspect in accordance with the present invention
provides the fault detection method of the eleventh aspect,
further comprising controlling in which a control unit con-
trols a period of time from a time point at which the holding
unit holds the output logic values up to a time point at which
the holding unit holds a plurality of updated output logic
values output from the logic circuit after the updated test input
pattern is input to the logic circuit, wherein the controlling is
provided between the first storing and the holding.

A thirteenth aspect in accordance with the present inven-
tion provides the fault detection method of the twelfth aspect,
wherein, in the controlling, the control unit performs a control
operation so as to reduce a period of time from a time point at
which the holding unit holds the output logic values up to a
time point at which the holding unit holds a plurality of
updated output logic values output from the logic circuit after
the updated test input pattern is input to the logic circuit.

A fourteenth aspect in accordance with the present inven-
tion provides a fault detection method for detecting a fault in
a logic circuit based on a plurality of output logic values
output from the logic circuit after a test input pattern is input
to the logic circuit, the fault detection method comprising first
inputting, in which an initial test input pattern is input to the
logic circuit, holding, in which a holding unit holds the plu-
rality of output logic values, second inputting, in which the
plurality of output logic values held by the holding unit are
input to the logic circuit as an updated test input pattern,
acquiring, in which a part of or otherwise all of the plurality of
output logic values are acquired, comparing, in which the
output logic values acquired in the acquiring are compared
with an output logic value expected when no fault is present in
the logic circuit or otherwise an output logic value expected
when a specific fault is present in the logic circuit, and judging
whether or not there is a fault in the logic circuit based on a
comparison result obtained in the comparing, wherein the
holding and the second inputting are repeatedly performed a
predetermined number of times, and wherein the fault detec-
tion method further comprises controlling, in which a control
unit controls a period of time from a time point at which the
holding unit holds the output logic values up to a time point at
which the holding unit holds a plurality of updated output
logic values output from the logic circuit after the updated test
input pattern is input to the logic circuit, and wherein the
controlling is provided between the second inputting and the
holding.

A fifteenth aspect in accordance with the present invention
provides the computer program configured to instruct a com-
puter connected to the holding unit to execute the fault detec-
tion method of any one of the tenth through fourteenth
aspects.

A sixteenth aspect in accordance with the present invention
provides the non-transitory computer-readable medium stor-
ing a computer program of the fifteenth aspect, the program
which is executable by a computer connected to the holding
unit.
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It should be noted that the fault detection system according
to the present invention as defined in the respective claims
may further comprise an initial pattern storage unit config-
ured to store an initial test input pattern. The pattern to be
stored in the initial pattern storage unit may be a seed pattern
(seed) obtained by compressing the initial test input pattern.
In this case, the fault detection system may comprise an
expanding unit configured to expand such a seed pattern.
Also, the fault detection system may comprise a second com-
pressing unit configured to compress the output logic value
acquired by the second acquisition unit. Also, the fault detec-
tion system may comprise a single compressing unit config-
ured to function as both the first compressing unit and the
second compressing unit.

Also, with the fault detection system according to the
present invention as defined in the respective claims, the
second acquisition unit may comprise a second storage unit
configured to store an output logic value acquired by the
second acquisition unit. Also, the fault detection system may
comprise a single storage unit configured to function as both
the first storage unit and the second storage unit.

Advantageous Effects of Invention

With each aspect according to the present invention, by
employing the acquisition unit or the acquisition apparatus,
such an arrangement allows multiple test output patterns to be
acquired using a single initial test input pattern. This is why
the test output pattern is input to the logic circuit as an updated
test input pattern that differs from the initial test input pattern
every time the capturing operation is performed. In this case,
the amount of test data is represented by the following
Expression (3), as with conventional techniques. However,
the number of test output patterns is represented by the fol-
lowing Expression (4).

[Expression 2]

Amount of test dataccthe number of test input patterns

3

The number of test output patterns=the number of test
input patternsxthe number of times capturing is
performed

*
The amount of test data is directly proportional to the
number of initial test input patterns regardless of the number
of times capturing is performed. Thus, by increasing the
number of times capturing is performed, such an arrangement
allows the number of initial test input patterns to be reduced,
thereby providing improved fault coverage with a reduced
amount of test data of the test input patterns to be stored.

Referring to FIG. 18, specific description will be made
regarding the fact that the invention according to the respec-
tive claims allows a fault to be detected even if the fault cannot
be detected by means of conventional multiple capture meth-
ods. FIG. 18 is a time expansion model showing an example
in a case of employing a conventional multiple capture
method.

For ease of description, description will be made regarding
an arrangement in which the capturing is performed twice so
as to perform a multiple capture operation. FIG. 18 shows a
time flow of the logic values immediately after the initial test
input pattern is scanned in in the shift mode until the capture
has been performed twice.

Here, description will be made directing attention to a
NOR gate indicated by “A”. If the NOR gate operates nor-
mally, the flip-flop 55 holds the logic value “0”. However, let
us consider a case in which the flip-flop 5 holds the logic
value “1” after the capturing has been performed once for a
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fault in the NOR gate (such as a delay fault). With such a
conventional multiple capture method, such an arrangement
acquires only the output logic value captured the last time
capturing is performed. That is to say, with such conventional
multiple capturing methods, the logic value of the flip-flop 5,
is not acquired before the mode is switched to the shift mode
after capturing has been performed a predetermined number
of'times (twice, in this case). Furthermore, after the capturing
has been performed twice, the flip-flop 5; holds the logic
value “0” which is the same value as that in the normal
operation. Therefore, such a conventional method is not
capable of detecting such a fault that occurs in the NOR gate.

In contrast, with each aspect according to the present
invention, the acquisition unit or the acquisition apparatus is
configured to acquire a value held by the holding unit after the
capturing is performed once. Thus, even if an arrangement
using a conventional technique is not capable of detecting a
fault using a given test input pattern, and is capable of detect-
ing this fault only by using a different suitable test input
pattern, such an arrangement according to each aspect of the
present invention is capable of detecting such a fault using the
same test input pattern as the aforementioned given test input
pattern. Thus, such an arrangement allows the required stor-
age capacity to be reduced.

Furthermore, with the second aspect of the present inven-
tion, the first acquisition unit acquires each output logic value
directly from the corresponding individual holding unit.
Thus, such an arrangement is capable of acquiring the output
logic value with high speed, even if there are a large number
of primary output lines and a large number of individual
holding units. In addition, such an arrangement is capable of
acquiring each output logic value without overwriting the
logic values held by the other different individual holding
units.

Furthermore, with the third aspect of the present invention,
the first acquisition unit acquires the output logic values held
by the holding unit in synchronization with the holding opera-
tion in which the holding unit holds the output logic values,
that is, in a period from the time point at which the holding
unit holds the output logic values up to the time point at which
the holding unit holds multiple updated output logic values
output from the logic circuit after the logic circuit receives an
updated test input pattern. Thus, such an arrangement allows
the first acquisition unit to acquire the values held by the
holding unit in a sure manner without the value acquired and
held by the holding unit being overwritten with the output
logic value to be captured in the next step every time the
capturing is performed.

Furthermore, with the fourth, ninth, twelfth, and fourteenth
aspects of the present invention, by increasing the clock
period, such an arrangement allows only a stuck-at fault to be
detected. Moreover, by shortening the clock period, such an
arrangement is capable of detecting faults including a delay
fault. Thus, such an arrangement provides information that
contributes to fault cause analysis, and information that con-
tributes to debugging.

Furthermore, with the thirteenth aspect of the present
invention, such an arrangement is capable of detecting a delay
fault using a shortened clock period after a test input pattern
is input multiple times to the logic circuit to be tested using a
long clock period so as to suppress IR drop. It is known that,
in the capturing cycle, by repeatedly performing an input
operation twice or three times in which the output pattern
output from the logic circuit to be tested is again input to the
logic circuit to be tested, such an arrangement provides a test
input pattern which involves only a small number of transi-
tions. Thus, such an arrangement provides reduced power
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consumption and reduced noise in the capturing operation,
thereby allowing a delay fault to be detected with high preci-
sion.

Furthermore, with the fifth aspect of the present invention,
such an arrangement allows the first acquisition unit to
acquire with high priority the values held by the holding units
that are particularly effective for a predetermined purpose,
e.g., for providing improved fault coverage. Thus, such an
arrangement is capable of providing improved fault coverage
with higher efficiency. That is to say, such an arrangement
allows the amount of test data to be further reduced. In addi-
tion, such an arrangement allows the amount of output data to
be reduced, as compared with an arrangement in which the
respective values held by all the holding units are acquired in
synchronization with the holding operation of the holding
units. Moreover, such an arrangement allows the circuit size
to be reduced.

Furthermore, a typical arrangement requires a large num-
ber of clock pulses in the scan shift operation for each test
input pattern. For example, in order to set an updated value for
each of all the scan flip-flops that form a given scan chain, the
number of clock pulses to be supplied is several hundreds to
several thousands, which is the same number as that of the
scan flip-flops. Accordingly, as can be understood from
Expression (5), the greater part of the time required for testing
is used for the shift mode. Thus, with the multiple capture
method, even if the capture mode requires several to several
tens of clocks, the greater part of the test time is used for the
shift mode.

[Expression 3]

®

Test time = scan-in time + capture time + scan-out time
~ time for shift mode oc scan lengthx
(number of patterns to be scanned in+

number of patterns to be scanned out)

With conventional techniques, the number of test input
patterns to be scanned in cannot be reduced, and accordingly,
the test time cannot be reduced. In contrast, with the invention
according to the respective claims, such an arrangement is
capable of reducing the time required for the shift mode. In
particular, by reducing the number of initial test input patterns
to be scanned in, such an arrangement provides a reduced
scan-in time. Thus, such an arrangement allows the test time
to be reduced.

A conventional arrangement requires a large number of test
input patterns in order to improve the fault coverage, leading
to an increased test time, which can be said to be a disadvan-
tage of such a conventional arrangement in comparison with
the present invention. In the field test after shipping, the test
time is limited to when the semiconductor integrated circuit is
in a non-operating state. Thus, it is particularly important to
reduce the test time.

Furthermore, with the sixth aspect of the present invention,
in the capture mode, in synchronization with the holding
operation of the holding unit, the first acquisition unit is
configured to acquire the test output pattern with a higher
frequency than that with which the second acquisition unit
acquires the test output pattern in the shift mode. That is to
say, such an arrangement allows the scan-out time to be
reduced. Thus, such an arrangement allows the test time to be
further reduced in a simple manner.

Furthermore, with the seventh or eleventh aspect of the
present invention, the acquisition operation, compressing
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operation, and storage operation are performed in synchroni-
zation with the holding operation and the test operation.
Accordingly, such an arrangement allows a great amount of
data acquired in the multiple capture operation to be stored at
a high rate in the same current multiple capture mode, as
compared with an arrangement in which the output data is
stored in the shift mode. This allows the number of patterns to
be scanned out to be reduced, thereby allowing the test time to
be reduced in a simpler manner. Moreover, such an arrange-
ment allows the amount of output data to be reduced in a
simpler manner.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a block diagram showing an example of a fault
detection system according to an embodiment of the present
invention;

FIG. 2 is a flowchart showing an example of a procedure in
a case of employing the fault detection system shown in FIG.
1

FIG. 3 is a time expansion model showing an example in a
case of employing the fault detection system shown in FIG. 1;

FIG. 4 is a flowchart showing an example of a procedure of
a selecting operation by a selecting apparatus 9 for selecting
flip-flops 5;

FIG. 5 is a graph showing an example of experimental
results in a case of employing the fault detection system
shown in FIG. 1;

FIG. 6 is a graph which shows the relation between the
number of test vectors and the fault coverage;

FIG. 7 is a diagram showing the relation between the per-
centage of the flip-flops from which logic values are to be
directly acquired and the circuit overhead;

FIG. 8 is a block diagram showing an example of a fault
detection system which is capable of changing the clock
period;

FIG.9A is adiagram showing a test cycle in a case in which
fault detection is performed for all the clocks in the capture
mode while changing the clock period, and FIG. 9B is a
diagram showing a test cycle in a case in which only delay
fault detection is performed in the capture mode while chang-
ing the clock period;

FIG. 10 is a block diagram showing an example of a fault
detection system employing SCOAP analysis;

FIG. 11 is a diagram showing the fault coverage lists of
three groups respectively obtained by performing intermedi-
ate acquisition after the priority level is judged for each flip-
flop using the three respective selecting methods;

FIG. 12 is a diagram showing a comparison of the times
required for the flip-flop priority level judgment;

FIG. 13 is a diagram showing an example of a compressing
circuit;

FIG. 14 is a diagram showing a test cycle of a scan test;

FIG. 15 is a block diagram showing a fault detection sys-
tem using a background technique of the present invention;

FIG.16is a diagram showing a test cycle using the multiple
capture method;

FIG. 17 is a flowchart showing a procedure in a case of
employing a conventional multiple capture method; and

FIG. 18 is a time expansion model showing an example in
a case of employing a conventional multiple capture method.

DESCRIPTION OF EMBODIMENTS

Description will be made regarding an embodiment of the
present invention with reference to the drawings. It should be
noted that the present invention is not restricted to the follow-
ing embodiments.
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Example 1

First, referring to FIG. 1, description will be made regard-
ing a configuration of a fault detection system according to an
embodiment of the present invention. FIG. 1 is a block dia-
gram showing an example of a fault detection system accord-
ing to the embodiment of the present invention.

A fault detection system 1 is configured to detect a fault in
a combinational circuit portion 3 based on multiple output
logic values output from the combinational circuit portion 3
(which corresponds to an example of a “logic circuit” in the
claims). The combinational circuit portion 3 is connected to
multiple flip-flops 5, through 5, (which each correspond to an
example of an “individual holding unit” in the claims) con-
figured to hold multiple output logic values. Each flip-flop 5
is configured to hold a single logic value. It should be noted
that, unless necessary, a flip-flop is denoted by “flip-flop 5~
without an index. Also, the multiple flip-flops 5 are collec-
tively denoted by “holding unit 4” (which corresponds to an
example of a “holding unit” in the claims). Furthermore, all
the output lines of the combinational circuit portion 3 are
assumed to be pseudo primary output lines. Moreover, the
number of pseudo primary output lines (the number of output
logic values) is assumed to be the same as the number of
flip-flops 5. It should be noted that the number of pseudo
primary output lines may be different from the number of
flip-flops 5.

The fault detection system 1 uses the multiple capture
method in the same way as with the conventional fault detec-
tion system 101 shown in FIG. 15.

The fault detection system 1 includes an acquisition appa-
ratus 7 (which corresponds to an example of an “acquisition
unit” in the claims), a selecting apparatus 9, a judgment
apparatus 11, and a pattern control apparatus 13. The acqui-
sition apparatus 7 is configured to acquire a part of or other-
wise all of the output logic values held by the flip-flops 5. The
selecting apparatus 9 is configured to select the flip-flops that
have values which are to be acquired by the acquisition appa-
ratus 7 with high priority. The judgment apparatus 11 is
configured to compare the output logic values thus acquired
with predicted values so as to judge whether or not there is a
fault in the combinational circuit portion 3. The pattern con-
trol apparatus 13 is configured to control the size and the like
of'the test input pattern to be input to the combinational circuit
portion 3, and the test output pattern output from the combi-
national circuit portion 3.

The most characteristic feature of the fault detection sys-
tem 1 is the acquisition apparatus 7. The acquisition apparatus
7 includes a capture mode acquisition unit 15 (which corre-
sponds to an example of a “first acquisition unit” in the
claims), a shift mode acquisition unit 17 (which corresponds
to an example of a “second acquisition unit” in the claims), a
capture mode storage unit 19 (which corresponds to an
example of a “first storage unit” in the claims), and a shift
mode storage unit 21 (which corresponds to an example of a
“second storage unit” in the claims).

The capture mode acquisition unit 15 is configured to
acquire a part of or all of the output logic values in synchro-
nization with a capturing operation (which corresponds to an
example of a “holding operation” in the claims) in which the
flip-flops 5 capture multiple output logic values in the capture
mode, and a test operation (which corresponds to an example
of'a “test operation” in the claims) performed by the combi-
national circuit portion 3 according to an updated test input
pattern. Here, “acquisition in synchronization with the opera-
tion” means that the output logic values are acquired in a
period from a time point at which the flip-flops 5 capture the
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output logic values up to a time point at which the flip-flops
capture the next output logic values. Furthermore, the capture
mode acquisition unit 15 is configured to directly acquire a
part of or all of the output logic values held by the flip-flops 5,
(1=i<7) such that each output value is acquired directly from
the corresponding flip-flop 5 without passing through the
other different flip-flops 5, (1sk<7, k=1). Moreover, the cap-
ture mode acquisition unit 15 instructs the capture mode
storage unit 19 to store the output logic values thus acquired.

The shift mode acquisition unit 17 is configured to acquire
the values scanned out from the flip-flops 5 in the shift mode.
Furthermore, the shift mode acquisition unit 17 instructs the
shift mode storage unit 21 to store the output logic values thus
acquired. Here, the data acquisition operation of the shift
mode acquisition unit 17 is performed after the test operations
have all ended, for example. That is to say, the data acquisition
operation of the shift mode acquisition unit 17 is not per-
formed in synchronization with the capture operation and the
test operation. Moreover, the shift mode acquisition unit 17 is
configured to acquire a part of or all of the output logic values
held by the flip-flops 5, (1=i<7) such that each output value is
acquired directly from the corresponding flip-flop 5, via the
other different flip-flops 5, (1=k<7, k=i).

The selecting apparatus 9 includes a simulation unit 23, a
calculation unit 25 (which corresponds to an example of a
“calculation unit” in the claims), and a priority judgment unit
27 (which corresponds to an example of a “priority judgment
unit” in the claims). The simulation unit 23 is configured to
perform a fault simulation for the combination circuit unit 3.
The calculation unit 25 is configured to calculate a fault
detection contribution value for each flip-flop 5 based on the
fault simulation result. The priority judgment unit 27 is con-
figured to judge the priority for each flip-flop 5 based on the
contribution value thus calculated. The judgment apparatus
11 includes a comparison unit 29 and a faultjudgment unit 31.
The comparison unit 29 is configured to compare the values
that are acquired with the predicted values. Here, the pre-
dicted values may be configured as output logic values pre-
dicted for when the combinational circuit portion 3 has no
faults. Otherwise, the predicted values may be configured as
output logic values predicted for when the combinational
circuit portion 3 has a predetermined fault. The fault judg-
ment unit 31 is configured to judge based on the comparison
result whether or not there is a fault in the combinational
circuit portion 3. The pattern control apparatus 13 includes an
initial test input pattern holding unit 33, an expanding circuit
35, and a compressing circuit 37. The initial test input pattern
holding unit 33 is configured to hold a test pattern to be input
to the combinational circuit portion 3. The initial test input
pattern may be configured as a compressed seed pattern
(seed). Description will be made in the present embodiment
assuming that the pattern held by the initial test input pattern
holding unit 33 is a seed.

Next, referring to FIG. 2, description will be made regard-
ing a fault detection procedure using the fault detection sys-
tem 1. FIG. 2 is a flowchart showing an example of a proce-
dure in a case of employing the fault detection system 1.

In Step ST001, one seed is selected from among the seeds
held by the initial test input pattern holding unit 33, and seed
input to the combinational circuit portion 3 is started. In Step
ST002, the seed thus selected is expanded by the expanding
circuit 35. In Step ST003, the scan enable signal is set to 1,
whereby the mode is switched to the shift mode. In Step
ST004, the initial test input pattern thus expanded is scanned
in to the flip-flops 5 in synchronization with the clock signal.

In Step ST005, the scan enable signal is set to 0, whereby
the mode is switched to the capture mode. In Step ST006, the
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flip-flops 5 capture the output logic values output from the
combinational circuit portion 3 in synchronization with the
clock signal. In Step ST007, the capture mode acquisition
unit 15 acquires the values held by the flip-flops 5 in synchro-
nization with the capturing operation of the flip-flops 5. Fur-
thermore, the flip-flops supply the respective values thus held
to the combinational circuit portion 3 as the updated test input
pattern. Moreover, the combinational circuit portion 3 per-
forms the test operation according to the updated test input
pattern thus received.

Here, the capture mode acquisition unit 15 performs “inter-
mediate acquisition” in which the output logic values are
acquired in an intermediate step in the capture mode. With
conventional techniques, the output logic values are acquired
only in the shift mode after the capture mode. That is to say,
with conventional techniques, the logic values are not
acquired in the capture mode. By providing such intermediate
acquisition, such an arrangement allows the fault coverage to
be improved with a reduced amount of test data, i.e., with a
reduced number of initial test patterns.

Furthermore, the capture mode acquisition unit 15 is con-
figured to acquire the logic values from only the flip-flops
selected by the selecting apparatus 9 (55, 55, and 5, in the
present embodiment). Thus, such an arrangement provides
improved fault coverage per unit of test time. Description will
be made later regarding a procedure for selecting the flip-
flops.

In Step ST008, the values acquired by the capture mode
acquisition unit 15 are compressed by the compressing circuit
37 into data having a reduced data size, and the capture mode
storage unit 19 stores the data thus compressed. The operation
from Step ST006 to Step ST008 is repeatedly performed a
predetermined number of times (N times), following which
the flow proceeds to the next step.

In Step ST009, the scan enable signal is set to 1, whereby
the mode is switched to the shift mode. In Step ST010, the
values held by the flip-flops 5 are scanned out to the shift
mode acquisition unit 17 in synchronization with the clock
signal. Furthermore, the values thus scanned out are com-
pressed by the compressing circuit 37, and the values thus
compressed are stored in the shift mode storage unit 21.

Here, the data acquisition by means of the shift mode
acquisition unit 17 is performed in the shift mode. Accord-
ingly, the data acquisition by means of the shift mode acqui-
sition unit 17 is not performed in synchronization with either
the capturing operation or the test operation. Such an acqui-
sition operation in the shift mode requires a long period of
time. Thus, the number of times the acquisition operation by
means of the capture mode acquisition unit 15 is performed is
set to be at least the same as or greater than the number of
times the acquisition operation of the shift mode acquisition
unit 17 is performed, thereby allowing the overall time
required for the test to be reduced.

In Step ST011, the judgment apparatus 11 judges whether
or not the initial test input pattern holding unit 33 holds a
remaining seed that has not yet been input to the combina-
tional circuit portion 3. When judgment is made that there is
a seed that has not yet been input, the flow returns to Step
ST001. Otherwise, the flow proceeds to the next step.

In Step ST012, the judgment apparatus 11 reads out the
compressed data (signature) stored in the capture mode stor-
age unit 19. Furthermore, in Step ST013, the judgment appa-
ratus 11 reads out the signature stored in the shift mode
storage unit 21. In Step ST014, the comparison unit 29 com-
pares the values thus read out with the values predicted for
when the combinational circuit portion 3 operates normally,
or otherwise the values predicted for when the combinational
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circuit portion 3 has a predetermined fault. In Step ST015, the
fault judgment unit 31 judges, based on the comparison result
obtained by the comparison unit 29, whether or not there is a
fault in the combinational circuit portion 3.

Next, description will be made with reference to FIG. 3
regarding a specific example of fault detection in a case of
employing the fault detection system 1. FIG. 3 is a time
expansion model showing an example in a case of employing
the fault detection system 1.

By employing the fault detection system 1, such an
arrangement is capable of detecting a fault in a NOR element
A, which is a defective element, denoted by “A” shown in
FIG. 3. This is why the output logic value of the flip-flop 55 is
acquired by the capture mode acquisition unit 15 after the first
capturing operation is performed. In a case in which the NOR
element operates normally, the output logic value held by the
flip-flop 55 and acquired after the first capturing operation is
0. On the other hand, in a case in which the NOR element has
a fault, the logic value thus acquired is 1.

Furthermore, in the shift mode, the shift mode acquisition
unit 17 is configured to acquire all the logic values of the
respective flip-flops 5. Thus, the number of output logic val-
ues thus acquired is at least equal to or otherwise greater than
the number of output logic values acquired in a case of
employing a conventional fault detection system. As a result,
the fault detection system 1 provides fault coverage that is
improved by the number of test output patterns acquired by
the capture mode acquisition unit 15.

Next, referring to FIG. 4, description will be made regard-
ing a procedure for selecting the flip-flops 5 which provide
high-efficiency fault detection, i.e., improved fault coverage.
FIG. 4 is a flowchart showing an example of a procedure of a
selecting operation by the selecting apparatus 9 for selecting
such flip-flops 5.

In Step ST101, all the flip-flops 5 are assumed to be con-
figured such that the value held by each flip-flop 5 can be
acquired. In Step ST102, the simulation unit 23 performs a
fault simulation using all the test input patterns.

In Step ST103, the calculation unit 25 calculates, for each
flip-flop 5, the increase in the fault coverage (which corre-
sponds to an example of a “contribution value” in the claims)
obtained by acquiring the value of the flip-flop 5. In Step
ST104, the priority judgment unit 27 assigns a priority level to
each flip-flop 5 in descending order of the increase in the fault
coverage obtained by acquiring the flip-flop 5. In Step ST105,
the selecting apparatus 9 selects the flip-flops 5 particularly
contribute to improvement of the fault detection, based on the
priority levels assigned to the respective flip-flops. With such
an arrangement, in order to reduce the test time or the like, the
capture mode acquisition unit 15 may acquire the respective
values of only the flip-flops 5 which have been assigned a
predetermined priority level or higher.

Subsequently, the capture mode acquisition unit 15 is con-
nected to the flip-flops 5 thus selected. Here, a “connection”
may be made using a desired method, as long as an electrical
connection is made. Examples of such a connection include:
a method in which a switch is switched from off to on; and a
method in which a physical connection is made.

Such an arrangement allows the capture mode acquisition
unit 15 to acquire only the respective values of the flip-flops 5
which provide high-efficiency fault detection. Furthermore,
such an arrangement provides high-efficiency fault detection,
thereby allowing the amount of test data to be further reduced.

Next, referring to FIG. 5, description will be made regard-
ing experimental results in a case of employing the fault
detection system 1. FIG. 5 shows an example of experimental
results in a case of employing the fault detection system 1.
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The horizontal axis represents the percentage of flip-flops 5
selected as the flip-flops holding the values to be acquired by
the capture mode acquisition unit 15. The longitudinal axis
represents the fault coverage.

In FIG. 5, “0%” represents a case in which the capture
mode acquisition unit 15 is not connected to any one of the
flip-flops 5. “100%” represents a case in which the capture
mode acquisition unit 15 is connected to all the flip-flops 5. In
this experiment, there were 38,417 gates, and the multiple
capture operation was repeatedly performed five times.

As can be understood from the experimental results shown
in FIG. 5, as the percentage of flip-flops 5 connected to the
capture mode acquisition unit 15 becomes greater, the fault
coverage becomes higher. Furthermore, the rate of increase
(the slope of the graph) of the fault coverage exhibits a maxi-
mum value in a range that corresponds to a case in which the
number of flip-flops 5 thus selected is small. In a range of a
certain percentage or more, saturation occurs in the rate of
increase of the fault coverage. Thus, it can also be understood
that such an arrangement is able to select the flip-flops 5
suitable for providing improved fault coverage. When almost
100% of the flip-flops 5 are connected to the capture mode
acquisition unit 15, the fault coverage improves by approxi-
mately 6%. The increase in the fault coverage can be obtained
by increasing the number of times capturing is performed, as
can be understood from Expression (3).

Next, description will be made with reference to FIG. 6
regarding the fact that, by providing the intermediate acqui-
sition, such an arrangement allows the number of test vectors
to be reduced. FIG. 6 is a graph which shows the relation
between the number of test vectors and the fault coverage.
The horizontal axis represents the number of test vectors, and
the vertical axis represents the fault coverage. FIG. 6 shows a
case in which the intermediate acquisition is not performed, a
case in which the capturing operation is performed five times
for 20% of the flip-flops 5 so as to perform the intermediate
acquisition, a case in which the capturing operation is per-
formed five times for 50% of the flip-flops 5 so as to perform
the intermediate acquisition, and a case in which the captur-
ing operation is performed five times for 100% of the flip-
flops 5 so as to perform the intermediate acquisition.

As can be understood from FIG. 6, with the same number
of'test vectors, an arrangement using the intermediate acqui-
sition provides improved fault coverage. Furthermore, FIG. 6
shows that, as the number of flip-flops used for the interme-
diate acquisition becomes greater, the fault coverage becomes
higher. In addition, FIG. 6 shows that, even if only 20% of'the
flip-flops 5 are used for the intermediate acquisition, such an
arrangement provides the effect of improving the fault cov-
erage.

In a case of employing a conventional fault detection
method, in order to improve the fault coverage from 95% to
98%, such a conventional arrangement requires approxi-
mately double the test input patterns. The fault detection
method according to the embodiment of the present invention
can be employed in addition to conventional methods. Thus,
such an arrangement according to the present invention
allows the fault coverage obtained using such a conventional
method to be further improved with a reduced amount of test
data for the test input patterns.

Furthermore, description will be made with reference to
FIG. 7 regarding the fact that, by acquiring the respective
values of a part of the flip-flops, such an arrangement is
capable of reducing hardware overhead. FIG. 7 is a diagram
showing the relation between the percentage of the flip-flops
having logic values to be acquired and the circuit overhead.
The horizontal axis represents the percentage of the flip-flops
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5 having logic values to be acquired. The vertical axis repre-
sents the percentage of circuit overhead.

As can be understood from FIG. 7, the increase in the
circuit overhead is approximately proportional to the percent-
age of the flip-flops 5 used for the intermediate acquisition.
For example, when the intermediate acquisition is performed
for 100% of the flip-flops, the increase in the hardware over-
head is 9.3%. In contrast, when the intermediate acquisition is
performed for 20% of the flip-flops, the increase in the hard-
ware overhead is only 2.0%. Thus, by performing the inter-
mediate acquisition for only the appropriately selected flip-
flops, such an arrangement is capable of providing improved
fault coverage while suppressing an increase in the hardware
overhead.

Example 2

Next, description will be made regarding processing in
which the clock period is changed in the capture mode. By
changing the clock period, such an arrangement is capable of
detecting a different kind of fault. Furthermore, such an
arrangement allows power consumption and noise to be
reduced in this test. It should be noted that the clock period
corresponds to a period of time from a time point at which the
flip-flops 5 hold multiple output values received from the
combinational circuit portion 3 up to a time point at which the
flip-flops 5 hold multiple updated output logic values output
from the combinational circuit portion 3 after the updated test
input pattern is input.

FIG. 8 is a block diagram showing an example of a fault
detection system which is capable of changing the clock
period. FIG. 9 is a diagram showing a test cycle in a case in
which the clock period is changed in the capture mode. FIG.
9A shows a case in which fault detection is performed for all
the clocks. FIG. 9B shows a case in which only delay fault
detection is performed. Referring to FIG. 8, as in FIG. 1, a
fault detection system 201 includes an acquisition apparatus
207 (which corresponds to an example of an “acquisition
unit” in the claims), a selecting apparatus 209, a judgment
apparatus 211, and a pattern control apparatus 213. The
acquisition apparatus 207 includes a capture mode acquisi-
tion unit 215 (which corresponds to an example of a “first
acquisition unit” in the claims), a shift mode acquisition unit
217 (which corresponds to an example of a “second acquisi-
tion unit” in the claims), a clock control unit 218 (which
corresponds to an example of a “control unit” in the claims),
a capture mode storage unit 219 (which corresponds to an
example of a “first storage unit” in the claims), and a shift
mode storage unit 221 (which corresponds to an example of a
“second storage unit” in the claims). The selecting apparatus
209 includes a simulation unit 223, a calculation unit 225
(which corresponds to an example of a “calculation unit” in
the claims), and a priority judgment unit 227 (which corre-
sponds to an example of a “priority judgment unit” in the
claims). The judgment apparatus 211 includes a comparison
unit 229 and a fault judgment unit 231. The pattern control
apparatus 213 includes an initial test input pattern holding
unit 233, an expanding circuit 235, and a compressing circuit
237.

A fault detection system 201 shown in FIG. 8 has the same
configuration as that of the fault detection system 1 shown in
FIG. 1 except that it includes the clock control unit 218. The
clock control unit 218 controls the period in which the flip-
flops 5 capture the output logic values from the combinational
circuit portion 3, and the period in which the values held by
the flip-flops 5 are supplied to the combinational circuit por-
tion 3 as an updated test input pattern.
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In the multiple capture operation, a test input pattern is
input multiple times to the combinational circuit portion 3 to
be tested. In this case, it is known that, in and after the third
test input pattern input operation or so, the ratio of the ele-
ments included in the combinational circuit portion 3 that
each have a logic value that transits according to the input of
the test input pattern (toggle rate) is very small. In general, the
toggle rate exhibits a smaller value in a scan test than that in
an operation according to a random test input pattern, and
exhibits an even smaller value in ordinary use by a user.
Typically, it is said that the toggle rate exhibits a value on the
order of 50% in an operation according to a random test input
pattern, exhibits a value on the order of 20 to 30% in a scan
test, and exhibits a value on the order of 5% in ordinary use by
a user. It is thought that, by inputting a test input pattern
multiple times to the combinational circuit portion 3, such an
arrangement provides a situation that is close to ordinary use
by a user, which contributes to a reduced toggle rate. The
transition of the logical values leads to increased power con-
sumption and increased noise. Thus, reduction in the toggle
rate allows the fault detection to be performed with high
precision.

Thus, for example, as shown in FIG. 9A, the clock period
is set to a long period for the first group of four clocks, and
only stuck-at fault detection is performed. The toggle rate can
be thought to be large in the second and third clocks. Accord-
ingly, if the clock period is reduced for the second or third
clock, this leads to a large number of transitions and a sudden
change in the voltage (IR drop). In some cases, this leads to a
fault operation in the circuit, leading to a problem in that the
flip-flops 5 capture fault output logic values. By setting the
clock period of the first clock group to a long period, such an
arrangement avoids such a risk of test-induced yield loss. In
the fault detection operation in which the clock period is set to
along period, such an arrangement cannot detect a delay fault
that depends upon the clock timing. However, in this opera-
tion, such an arrangement is capable of detecting a stuck-at
fault that does not depend upon the clock timing.

In the subsequent three clocks, fault detection including
delay fault detection is performed using a clock having a
period reduced by the clock control unit 218. Before this fault
detection, the test input pattern has already passed through the
combinational circuit portion 3 four times. Accordingly, in
this stage, the test input pattern provides a low toggle rate, and
excessive change in the voltage is not likely to occur even if
the clock period is reduced. Thus, such an arrangement allows
the power consumption and noise involved in the delay fault
detection to be reduced.

Also, as shown in FIG. 9B, such an arrangement may detect
only a delay fault that can be detected in the subsequent group
of three clocks. In order to provide such a function, for
example, the capture mode acquisition unit 215 is controlled
via a capture enable signal line (CE). As a specific example,
an arrangement may be made in which, when the flip-flops 5
perform the capturing operation with a short clock period, CE
is set to 0, so as to instruct the capture mode acquisition unit
215 to acquire the logic values held by the flip-flops 5. Also,
an arrangement may be made in which, in a step other than
when the flip-flops 5 perform the capturing operation with a
short clock period, CE is set to 1, so as to disable the acqui-
sition by the capture mode acquisition unit 215 of the logic
values held by the flip-flops 5.

Example 3

Also, in the operation for judging the priority level of each
flip-flop, a method known as SCOAP (Sandia Controllability
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Observability Analysis Program) analysis may be employed,
instead of the simulation. Such an arrangement allows the
amount of calculation required for the priority level judgment
to be reduced.

FIG. 10 is a block diagram showing an example of a fault
detection system employing SCOAP analysis. Referring to
FIG. 10, as in FIG. 1, a fault detection system 301 includes an
acquisition apparatus 307 (which corresponds to an example
of'an “acquisition unit” in the claims), a selecting apparatus
309, a judgment apparatus 311, and a pattern control appara-
tus 313. The acquisition apparatus 307 includes a capture
mode acquisition unit 315 (which corresponds to an example
of'a “first acquisition unit” in the claims), a shift mode acqui-
sition unit 317 (which corresponds to an example of a “second
acquisition unit” in the claims), a capture mode storage unit
319 (which corresponds to an example of a “first storage unit”
in the claims), and a shift mode storage unit 321 (which
corresponds to an example of a “second storage unit” in the
claims). The selecting apparatus 309 includes a controllabil-
ity calculation unit 324, an observability calculation unit 326
(which correspond to an example of a “calculation unit” in the
claims), and a priority judgment unit 327 (which corresponds
to an example ofa “priority judgment unit” in the claims). The
judgment apparatus 311 includes a comparison unit 329 and
a fault judgment unit 331. The pattern control apparatus 313
includes an initial test input pattern holding unit 333, an
expanding circuit 335, and a compressing circuit 337. The
fault detection system 301 shown in FIG. 10 has the same
configuration as that of the fault detection system 1 shown in
FIG. 1 except that the fault detection system 301 includes the
controllability calculation unit 324 and the observability cal-
culation unit 326, instead of the simulation unit 23 and the
calculation unit 25 shown in FIG. 1. The controllability cal-
culation unit 324 calculates the controllability of each ele-
ment included within the combinational circuit portion 3. The
observability calculation unit 326 calculates the observability
of each element included within the combinational circuit 3
and of each flip-flop 5. The priority judgment unit 327 judges
the priority level for each flip-flop 5 in descending order of
observability thus calculated. The comparison and fault judg-
ment are performed in the same way as with the fault detec-
tion system 1 shown in FIG. 1.

Description will be made with reference to FIG. 11 regard-
ing the effect of the SCOAP analysis in the priority level
judgment. FIG. 11 is a diagram showing the fault coverage
lists of three groups respectively obtained by performing
intermediate acquisition after the priority level is judged for
each flip-flop using the three respective selecting methods.

As shown in FIG. 11, the intermediate acquisition is per-
formed for 20% of the flip-flops 5 for multiple circuits. As a
result, it was confirmed that, for each circuit, the selection of
the flip-flops 5 using the SCOAP analysis provides fault cov-
erage that is higher than that provided by random selection of
20% of the flip-flops, though lower than that provided by
flip-flop selection using the simulation.

FIG. 12 is a diagram showing a comparison of the times
required for the flip-flop priority level judgment. As can be
understood from FIG. 12, the selection of the flip-flops 5
using SCOAP analysis requires only a very short period of
CPU time as compared with the flip-flop selection using
simulation.

It should be noted that the scan-in operation and the scan-
out operation may be performed at the same time in Step
ST004. That is to say, an arrangement may be made in which,
in Step ST004, at the same time as the time point at which the
expanded initial test input pattern is scanned in to the flip-
flops 5 in synchronization with the clock signal, the values
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held by the flip-flops 5 are scanned out to the shift mode
acquisition unit 17. By performing the scan-in operation and
the scan-out operation at the same time, such an arrangement
is capable of reducing the time required for the shift mode.
The same can be said of Step ST010.

Also, in Step ST008 in the flow shown in FIG. 2, the order
of the storage operation of the capture mode storage unit 19
and the compressing operation of the compressing circuit 37
is not restricted in particular. Also, the capture mode acqui-
sition unit 15 may acquire the output signal compressed by
the compressing circuit 37. The same can be said of the order
of the operations of the shift mode acquisition unit 17, the
shift mode storage unit 21, and the compressing circuit 37.

Also, the readout operation in Step ST012 may be executed
together with the operation in Step ST004 included in a loop
operation which is an operation that is subsequent to Step
STO011. Also, although it involves a risk of along test time, the
operation in Step ST012 may be included within the loop
operation from Step ST006 up to Step ST008. The same can
besaid of each of Steps ST013 through ST015 as Step ST012.

Also, the initial test input pattern holding unit 33 may
include a test pattern generator such as a linear feedback shift
register (LFSR), for example. In this case, an arrangement
may be made in which the LFSR successively generates an
update seed based on the seed held by the initial test input
pattern holding unit 33, the updated seed is expanded, and the
updated seed thus expanded is used as an initial test input
pattern. Also, the compressing circuit 37 may be configured
as a multi-input signature register (MISR) configured to con-
vert the output logic value received via N scan chains into an
N-bit signature. By employing such a MISR shown as an
example in FIG. 13, such an arrangement requires only a
0.2% increase in circuit overhead as shown in FIG. 7 even if
there is an increase in the number of flip-flops the values of
which are to be acquired. It should be noted that the com-
pressing circuit may be included within the acquisition appa-
ratus.

By employing the configuration according to the afore-
mentioned embodiment, such an arrangement provides fault
detection assuming that the scan circuit has a conventional
configuration. Also, the output of the test output pattern
received from the logic circuit to be tested may be divided into
two separate lines. In this case, such an arrangement allows a
test output pattern to be output to the acquisition apparatus in
synchronization with an input operation in which an output
signal from one of the two separate lines is input as an updated
test input pattern to the logic circuit to be tested. Thus, such an
arrangement does not require the holding unit.

Also, a part of or the whole of the fault detection system 1
may be built into the semiconductor logic circuit including
the combinational circuit portion 3 and the flip-flops 5. Also,
a part of or the whole of the fault detection system 1 may be
configured as atester. Also, a part ofthe fault detection system
1 may be built into the semiconductor logic circuit, and the
other part may be configured as a tester.

REFERENCE SIGNS LIST

1 fault detection system, 3 combinational circuit portion, 5
flip-flop, 7 acquisition apparatus, 9 selecting apparatus, 15
capture mode acquisition unit, 19 capture mode storage unit,
23 simulation unit, 25 calculation unit, 27 priority judgment
unit, 218 clock control unit, 324 controllability calculation
unit, 326 observability calculation unit 326.
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The invention claimed is:

1. A fault detection system configured to detect a faultin a
logic circuit based on a plurality of output logic values output
from the logic circuit after a test input pattern is input,

wherein the plurality of output logic values are input to the
logic circuit as an updated test input pattern,

the fault detection system comprising:

a first acquisition unit configured to acquire a part of or
otherwise all of the plurality of output logic values;

a comparison unit configured to compare an output logic
value acquired by the first acquisition unit with an output
logic value expected when no fault is present in the logic
circuit or otherwise an output logic value expected when
a fault is present in the logic circuit; and

a fault judgment unit configured to judge whether or not
there is a specific fault in the logic circuit, based on a
comparison result obtained by the comparison unit,

wherein the plurality of output logic values are held by a
holding unit comprising a plurality of individual holding
units each configured to hold a single logic value,

and wherein the first acquisition unit is configured to
acquire a part of or otherwise all of the plurality of output
logic values held by the holding unit,

and wherein a part of or otherwise all of the output logic
values respectively held by the plurality of individual
holding units are acquired directly such that each output
logic value is acquired from the corresponding indi-
vidual holding unit without passing through the other
individual holding units,

the fault detection system further comprising a second
acquisition unit configured to acquire a part of or other-
wise all of the plurality of output logic values respec-
tively held by the plurality of individual holding units
via a different individual holding unit,

wherein the comparison unit is configured to compare the
output logic value acquired by the second acquisition
unit with an output logic value expected when no fault is
present in the logic circuit or otherwise an output logic
value expected when a specific fault is present in the
logic circuit, and

wherein a number of times the first acquisition unit
acquires the output logic value is greater than a number
of times the second acquisition unit acquires the output
logic value.

2. The fault detection system according to claim 1, wherein
the first acquisition unit is configured to acquire a part of or
otherwise all of the plurality of output logic values held by the
holding unit in a period of time from a time point at which the
holding unit holds the plurality of output logic values up to a
time point at which the holding unit holds a plurality of
updated output logic values output from the logic circuit after
the updated test input pattern is input to the logic circuit.

3. The fault detection system according to claim 1, further
comprising a control unit configured to control a period of
time from a time point at which the holding unit holds the
output logic values up to atime point at which the holding unit
holds a plurality of updated output logic values output from
the logic circuit after the updated test input pattern is input to
the logic circuit.

4. The fault detection system according to claim 1, further
comprising:

a calculation unit configured to calculate a fault detection
contribution value for each output logic value held by the
individual holding units; and

a priority judgment unit configured to judge a priority for
each individual holding unit based on the contribution
value,
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wherein the first acquisition unit is configured to selec-
tively acquire a predetermined number of output logic
values selected based on their priority from among the
output logic values held by the plurality of individual
holding units.

5. The fault detection system according to claim 1, further

comprising:

a first compressing unit configured to compress data size of
the output logic value; and

a first storage unit configured to store the output logic
value,

wherein, in synchronization with an acquisition operation
of the first acquisition unit, the first compressing unit is
configured to compress the output logic value acquired
by the first acquisition unit, and the first storage unit is
configured to store the output logic value compressed by
the first compressing unit.

6. An acquisition apparatus configured to acquire a part of
or otherwise all of a plurality of output logic values output
from a logic circuit after a test input pattern is input to the
logic circuit,

wherein the plurality of output logic values are held by a
holding unit configured to hold logic values, and are
input to the logic circuit as an updated test input pattern,

and wherein the holding unit comprises a plurality of indi-
vidual holding units each configured to hold a single
logic value,

and wherein a part of or otherwise all of the output logic
values respectively held by the plurality of individual
holding units are acquired directly such that each output
logic value is acquired from the corresponding indi-
vidual holding unit without passing through the other
individual holding units,

the acquisition apparatus further comprising:

a calculation unit configured to calculate a fault detection
contribution value for each output logic value held by the
individual holding units; and

a priority judgment unit configured to judge a priority for
each individual holding unit based on the contribution
value,

wherein the acquisition apparatus is configured to selec-
tively acquire a predetermined number of output logic
values selected based on their priority from among the
output logic values held by the plurality of individual
holding units.

7. A fault detection method for detecting a fault in a logic
circuit based on a plurality of output logic values output from
the logic circuit after a test input pattern is input to the logic
circuit, the fault detection method comprising:

first inputting, in which an initial test input pattern is input
to the logic circuit;

holding, in which a holding unit comprising a plurality of
individual holding units each configured to hold a single
logic value holds the plurality of output logic values;

second inputting, in which the plurality of output logic
values held by the holding unit are input to the logic
circuit as an updated test input pattern;

first acquiring, in which a part of or otherwise all of the
plurality of output logic values respectively held by the
plurality of individual holding units are acquired
directly such that each output logic value is acquired
from the corresponding individual holding unit without
passing through the other individual holding units, in a
period of time from a time point at which the holding
unit holds the plurality of output logic values up to a time
point at which the holding unit holds a plurality of
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updated output logic values output from the logic circuit
after the updated test input pattern is input to the logic
circuit;
first comparing, in which the output logic values acquired
in the first acquiring are compared with output logic
values expected when no fault is present in the logic
circuit or otherwise an output logic value expected when
a specific fault is present in the logic circuit;

second acquiring, in which a part of or otherwise all of the
plurality of output logic values respectively held by the
plurality of individual holding units are acquired via a
different individual holding unit;

second comparing, in which the output logic values

acquired in the second acquiring are compared with
output logic values expected when no fault is present in
the logic circuit or otherwise an output logic value
expected when a specific fault is present in the logic
circuit; and

judging whether or not there is a fault in the logic circuit

based on a comparison result obtained in the first com-
paring and the second comparing, and

wherein a number of times the output logic values are

acquired in the first acquiring is greater than a number of
times the output logic values are acquired in the second
acquiring.

8. The fault detection method according to claim 7, further
comprising:

first compressing, in which the output logic value acquired

in the first acquiring is compressed in synchronization
with the first acquiring; and

first storing, in which the output logic value compressed in

the first compressing is stored,

wherein the first compressing and the first storing are pro-

vided between the first acquiring and the second acquir-
ing,

and wherein a sequence from the holding up to the first

storing is repeatedly performed a predetermined number
of times.

9. The fault detection method according to claim 8, further
comprising controlling in which a control unit controls a
period of time from a time point at which the holding unit
holds the output logic values up to a time point at which the
holding unit holds a plurality of updated output logic values
output from the logic circuit after the updated test input pat-
tern is input to the logic circuit,

wherein the controlling is provided between the first stor-

ing and the holding.

10. The fault detection method according to claim 9,
wherein, in the controlling, the control unit performs a control
operation so as to reduce a period of time from a time point at
which the holding unit holds the output logic values up to a
time point at which the holding unit holds a plurality of
updated output logic values output from the logic circuit after
the updated test input pattern is input to the logic circuit.

11. A non-transitory computer-readable medium storing a
computer program configured to instruct a computer con-
nected to a holding unit to execute a fault detection method for
detecting a fault in a logic circuit based on a plurality of
output logic values output from the logic circuit after a test
input pattern is input to the logic circuit, the fault detection
method comprising:

first inputting, in which an initial test input pattern is input

to the logic circuit;

holding, in which the holding unit comprising a plurality of

individual holding units each configured to hold a single
logic value holds the plurality of output logic values;
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second inputting, in which the plurality of output logic
values held by the holding unit are input to the logic
circuit as an updated test input pattern;

first acquiring, in which a part of or otherwise all of the
plurality of output logic values respectively held by the
plurality of individual holding units are acquired
directly such that each output logic value is acquired
from the corresponding individual holding unit without
passing through the other individual holding units, in a
period of time from a time point at which the holding
unit holds the plurality of output logic values up to a time
point at which the holding unit holds a plurality of
updated output logic values output from the logic circuit
after the updated test input pattern is input to the logic
circuit;

first comparing, in which the output logic values acquired
in the first acquiring are compared with output logic
values expected when no fault is present in the logic
circuit or otherwise an output logic value expected when
a specific fault is present in the logic circuit;

second acquiring, in which a part of or otherwise all of the
plurality of output logic values respectively held by the
plurality of individual holding units are acquired via a
different individual holding unit;

second comparing, in which the output logic values
acquired in the second acquiring are compared with
output logic values expected when no fault is present in
the logic circuit or otherwise an output logic value
expected when a specific fault is present in the logic
circuit; and

judging whether or not there is a fault in the logic circuit
based on a comparison result obtained in the first com-
paring and the second comparing, and

wherein a number of times the output logic values are
acquired in the first acquiring is greater than a number of
times the output logic values are acquired in the second
acquiring.

12. A fault detection system configured to detect a fault in
a logic circuit based on a plurality of output logic values
output from the logic circuit after a test input pattern is input,

wherein the plurality of output logic values are input to the
logic circuit as an updated test input pattern,

the fault detection system comprising:

a first acquisition unit configured to acquire a part of or
otherwise all of the plurality of output logic values;

a comparison unit configured to compare an output logic
value acquired by the first acquisition unit with an output
logic value expected when no fault is present in the logic
circuit or otherwise an output logic value expected when
a fault is present in the logic circuit; and

a fault judgment unit configured to judge whether or not
there is a specific fault in the logic circuit, based on a
comparison result obtained by the comparison unit,

wherein the plurality of output logic values are held by a
holding unit comprising a plurality of individual holding
units each configured to hold a single logic value,

wherein the first acquisition unit is configured to acquire a
part of or otherwise all of the plurality of output logic
values held by the holding unit, and

wherein a part of or otherwise all of the output logic values
respectively held by the plurality of individual holding
units are acquired directly such that each output logic
value is acquired from the corresponding individual
holding unit without passing through the other indi-
vidual holding units,
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the fault detection system further comprising:

a calculation unit configured to calculate a fault detection
contribution value for each output logic value held by the
individual holding units; and

a priority judgment unit configured to judge a priority for
each individual holding unit based on the contribution
value,

wherein the first acquisition unit is configured to selec-
tively acquire a predetermined number of output logic
values selected based on their priority from among the
output logic values held by the plurality of individual
holding units.
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